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Abstract
Acoustophoresis is among the different techniques used in microfluidics
to sort, manipulate and filtrate particles and biological cells. The biggest
advantage of acoustophoresis is its contact-free driving force, known as
acoustic radiation force, to move the particles. The throughput of this
process depends on the radiation force and the agglomeration time. Many
studies have been conducted to calculate the radiation force. In practical
applications, the radiation force is controlled by the resonance energy of the
fluid inside the micro-channel. Moreover, particle agglomeration depends
on the interaction force between the particles. Apart from manipulating
the movement of the particles, the ultrasonic standing wave can also be
used to deform the particles and biological cells. This contact free method
of deforming the cells has wide range of applications in cell mechanics.
In this thesis, the first and foremost objective is to design and develop
a microfluidic device to investigate the biological cell deformation and
interparticle radiation force in acoustophoresis. The functional length
of the micro-channel was investigated for acoustic energy density, Eac at
resonance frequency by measuring at specific locations. A fast and efficient
alternative method was developed to compute Eac from the experimental
trajectories and it was validated against the least squares fitting method.
The purpose of this mapping is to understand the spatial distribution of
acoustic energy density during operation. The result shows that in real ap-
plication, the energy density might not be uniform in the functional length
iv
vof the channel and this insight is critical for experimental investigation
of interparticle radiation force. Further, a methodology was developed to
find the Young’s modulus of biological cell membrane from experimental
deformations in acoustophoresis. For this study, green algae (Chlorella
vulgaris) cell was chosen as the specimen as it has potential application
in biorefineries and its cell membrane stiffness has not been studied. To
analyse the experimental deformation results, the cell was modelled as an
axisymmetric thin shell and from the governing equations of linear theory
of shells, the deformation was simulated. By comparing the experimental
and simulated deformation, the Young’s modulus of the cell membrane was
estimated to be 630 Pa. However, the cell model is only applicable for the
spherical cells like Chlorella vulgaris. In the final part of this thesis, the
acoustic interaction or the interparticle radiation force was investigated by
experimental-theoretical approach. A two spheres model was developed to
investigate the two isolated polystyrene beads translating under acoustic
radiation force in close-range. A simple analytical method was used to
incorporate hydrodynamic interaction between the spheres in the model.
It was found that the magnitude of interparticle radiation force decreases
with the increasing separation distance between the particles which is in
accordance with the theoretical studies. Moreover, the experimentally
obtained interparticle radiation force is much greater than the theoretical
studies. It was also observed that at close-range the hydrodynamic inter-
action is substantial and it cannot be neglected while investigating the
acoustic interaction.
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Particle manipulation is an important area of research in the twenty first century.
It has wide range of applications in bioengineering, chemical industry, food processing,
and nano-micro physics. In the field of biology and medicine, separation of particles
and cells from the host fluid has become essential for analysis. In a wide range of
electronics industries, filtration of the silicon particles generated from wafer is critical.
This requires precise technique to accurately handle the particles. The difficulty of
sorting increases with decreasing size and nature of the particles. Due to this reason,
for micro and nano scale particles and cells, conventional techniques cannot be used.
Several techniques has been known to address this issue. Microfludic techniques
and Lab-on-Chip devices are promising due to their compact size and customisability.
These techniques use different modes of energy to drive and manipulate the particles.
Among them, ultrasonic has been extensively studied in past two decades for trapping
and sorting the particles. The frequency of operation can be from few hundred kHz to
few MHz within Rayleigh limit (ka << 1 , where k is the wave number and a is the
particle radius) [5–7]. Due to the wide range of operational frequency, this technique
can be used for variety of particle sizes and mechanical property.
1.1 Background on Experimental Acoustophoresis
Acoustophoresis, which is the movement of particles under an acoustic field, can
be used in wide range of applications [8–15]. The throughput of the process can be
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controlled with the good understanding on acoustic energy density and subsequently
acoustic radiation force. Due to its advantage of contact-free handling, it has great
potential for cell mechanics investigation and Lab-on-Chip devices. The following
sections are categorized into three for the simplicity of defining the objectives and
scope of this project.
1.1.1 Measurement of Acoustic Energy Density
The accurate calculation of radiation force in a microfluidic channel is important to
investigate acoustophoresis. The radiation force depends on the mean acoustic energy
density in the channel at resonance. Several methods have been reported to measure
the energy density in a channel, like wise micro particle image velocimetry (µPIV),
rapid light intensity, least squares fitting. In these methods, acoustic energy density
is used as the fitting parameter to fit the experimental observations. In µPIV, the
acoustophoretic velocity field of tracer particles are fitted with the theoretical velocity
field [16]. Similarly, in least squares fitting method, the single particle trajectory from
experiment is fitted with the simulated trajectory [4], to find the mean acoustic energy
density in the channel. Rapid light intensity method uses the time taken for the
intensity of the light through the channel to reach maximum after the ultrasonic field
is switched on [17]. These methods provide an average energy density at the specific
section of the channel for an observation. In this project, the least squares fitting
method is used to calculate the mean energy density from an experimental trajectory.
1.1.2 Application in Cell Mechanics
As in literature [18–31], numerous techniques have been used to study the cell
mechanics. Most of them can only analyse single cell at a time, for example using
the atomic force microscopy, micropipette aspiration, and cytoindentation [1]. These
techniques are also contact type, which means the probe mechanically applies load.
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From the force displacement analysis, the mechanical property of the cell is calculated
[20,22]. Even though they are single cell analysis type, but due to automation, the
process is very fast. However, the main drawback is the concentrated load, which
can alter the cytoskeleton. This may result in an inaccurate prediction of the cellular
property [32]. Non-contact techniques such as optical tweezers [29,30] and magnetic
twisting cytometry [31] can be used to measure the elastic and torsional moduli of the
cell, respectively. The major drawback of these methods are the additional attachments
such as active microbeads, which may affect the deformation measurement accuracy.
Unlike optical tweezers, optical stretcher method does not require any microbeads.
The cell is trapped and stretched by two opposite laser beams [26]. Similar to optical
stretcher, ultrasonic field can be used to deform the cells [33]. There are many
advantages of acoustic radiation force over other techniques. It is easy to control, can
be miniaturised, multiple cells can be trapped and deformed in a single operation. The
deformation due to acoustic radiation force is also small and distributed. Therefore,
very less or even no structural change in the cell membrane can be expected. In this
project, acoustic radiation force is used to deform the biological cell and to estimate
the elastic modulus of the cell membrane.
1.1.3 Measurement of Interparticle Radiation Force
Interparticle radiation force or the secondary radiation force is vital in estimating
the particle agglomeration time and the shape of aggregation. This force can be
attractive or repulsive depending on the orientation of the centre to centre line of the
particles with the incident wave [34]. Bjerknes first proposed an analytical solution for
calculating the secondary force in ideal fluid, which means the compressibility and the
viscosity was neglected [35]. Bjerknes theory was adopted by researchers to find the
interparticle radiation force between rigid and compressible spheres [36–38]. Due to
the complexity of physics and rigorous mathematics, there was little advancement in
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calculating the interparticle radiation force. Few notable theoretical and numerical
studies in recent time are by Doinikov [39–41], Sepehrirahnama [34,42],and Silva [43].
Silva and Bruus [43] proposed analytical solutions for the interparticle radiation force
in non-viscous fluid medium for compressible spheres. Sepehrirahnama et al. [42]
reported the viscous effect on the radiation force between rigid spheres.
The experimental measurement of the interparticle radiation force is equally difficult
and challenging. Like primary radiation force, there is no direct measurement technique
for the interparticle radiation force. As in literature [44,45], the interparticle radiation
force was measured for a specific event in the particle trajectories when there is a
sudden change in their velocities. The methods adopted in the previous experimental
studies are similar and the radiation force was balanced with the Stokes drag to attend
equilibrium. In this thesis, the interparticle radiation force between two isolated
polystyrene beads is investigated considering the hydrodynamic interaction between
the beads.
1.2 Objectives and Scope
The general aim of this project is to explore the application of acoustophoresis
in cell mechanics and to investigate the acoustic interaction force. To achieve the
aforesaid goal, the first and foremost objective is to design and develop microfluidic
devices for the investigation of cell membrane and interparticle radiation force. A
simpler and efficient method is proposed to map the spatial distribution of energy
density and to understand the resonance behaviour of the channel. Secondly, to deform
biological cell, the experiment was conducted at very high power input. This means
the device has to be designed with additional cooling arrangement to dissipate thermal
energy for isothermal condition and maintain temperature suitable for live cell. To
analyse the experimental measurement of cell deformation, a numerical framework was
developed. In the final part of this project, the interparticle radiation force between
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two isolated polystyrene beads was calculated from the experimental observation.
A theoretical-experimental approach was formulated to include the hydrodynamic
interaction between the beads while calculating interparticle radiation force.
In summary, this thesis aims to answer following research questions:
• Is the acoustic energy density uniform throughout the functional length of the
channel?
• Is it possible to measure the Young’s modulus of cell membrane in acoustophore-
sis?
• Is it possible to measure interparticle radiation force in experiment?
• Is it important to consider hydrodynamic interaction while calculating interpar-
ticle radiation force?
1.3 Original Contributions
An active cooling microfluidic device was developed to conduct the acoustophoresis
at high pressure amplitudes. To create high energy density with less power input,
the channel was built with glass capillary of 400µm× 40µm cross section. A simple
and efficient method is proposed to map the energy density of the channel over the
functional length. The method was verified with the existing least squares method to
measure the mean energy density.
Based on linear theory of elasticity, an axisymmetric cell model is proposed to
investigate the deformation of the biological cell in acoustophoresis. By modelling
the cell as a thin shell of revolution, the deformation is numerically solved as an 1D
problem due to the symmetry. From the simulated deformation, the elastic modulus
is back calculated. Green algae (Chlorella vulgaris) was used as the live cell specimen
and the Young’s modulus of algae cell membrane was successfully predicted.
Chapter 1. Introduction 6
In the final part, an experiment procedure was developed to investigate the acoustic
interaction. A two spheres model is proposed to calculate the interparticle radiation
force from the experimental trajectory. An analytical approach is used to incorporate
the hydrodynamic interaction between the translating spheres in the model. The
variation of the interparticle radiation force with respect to centre – centre distance
between the particles was experimentally validated.
1.4 Thesis Organization
This thesis comprises of seven chapters, including the first introductory chapter.
In the second chapter, a brief history of the development in calculation of acoustic
radiation force is presented. This chapter focuses on the theory behind the acoustic
radiation force and the analytical solutions for calculating the radiation force in
chronological order. The effect of mechanical property of the media on the radiation
force is discussed. It also highlights the potential application of the radiation force on
cell mechanics and its advantages over the existing techniques with brevity.
In the third chapter, the details about experimental set-up and the microfludic
devices used in this project is presented. It presents the procedures of the different
experiments conducted for the study of energy density mapping, cell deformation and
interparticle radiation force.
The fourth chapter contains the thorough investigation of the microfluidic channel
used in this project. The methods for calculating acoustic energy density from
experiment are discussed. The results contain the distribution of acoustic energy
density at different sections of the channel in resonance mode. The intention of the
energy density mapping is to understand the behaviour of the channel at the resonance
frequency. This understanding is important for the study of cell deformation and
interparticle radiation force measurement. The reported results have been presented
in [C1] in the publication list.
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The main focus of the fifth chapter is to show the application of acoustophoresis in
cell mechanics. An axisymmetric shell model is presented to simulate the deformation
of the cell under acoustic radiation force. Young’s modulus of the algae cell was
estimated by comparing the numerical simulation with experimental results. The
results reported in this chapter have been published in [P1] in the publication list.
In the sixth chapter, an experimental study on the measurement of the interparticle
radiation force or the secondary radiation force between a pair of polystyrene beads
is presented. Based on the understanding of the acoustic energy density mapping
in Chapter 4, a model is proposed to calculate the interparticle radiation force. An
analytical approach is introduced to find the hydrodynamic interaction between the
beads using Stokeslet and dipole flow potential. The objective is to investigate the
variation of the interparticle radiation force with the separation distance. It is shown
that hydrodynamic interaction is significant in close range and should be considered
while calculating the interparticle radiation force.




In this chapter, a brief review of the theory behind acoustic radiation force is pre-
sented. The techniques in microfludics to study cell mechanics and the advantages of
acoustophoresis over other techniques are also discussed.
2.1 Acoustic Radiation Force
The history of acoustics may not be as rich as optics; however there are similarities
in the behaviour of both the forms of energy due to their wave nature. An electro-
magnetic wave reflects and refracts when it hits an obstacle and the scattered wave
depends on the refractive index of the material. The scattered wave is responsible for
radiation force due to the time averaged radiation pressure. Similarly, sound waves
also create radiation pressure on the surface of the obstacle.
The pioneering work of acoustic radiation force was laid by Rayleigh, defining the
radiation pressure as the difference of the pressures between the surface moving with
the particle and the static fluid of the same mean density [46]. King [5] carried forward
the idea of radiation pressure by Rayleigh to successfully derive the radiation force
on a rigid sphere subjected to plane wave. After King, many studies were carried
out to understand the nature of the radiation force. As in literature [47], the so
called radiation pressure is not a hydrodynamic pressure on the surface of the obstacle.
The result of the fluid motion creates traction on the surface both in the normal
and tangential directions. So an acoustic wave gets scattered from the surface of
8
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the obstacle and it produces radiation traction on the surface of the obstacle. The
magnitude of this radiation traction depends on the mechanical properties of the media.
The radiation traction on the surface of the obstacle was mislabelled as radiation
pressure till the early part of the twentieth century. In this thesis, the radiation
pressure in the literature will be referred as the radiation traction for the clarity and
consistency of interpretation.
The radiation force in a plane standing wave is divided into following types: (a)
primary radiation force in the incident plane wave direction, (b) primary radiation
force perpendicular to the incident wave due to the non-uniform energy density and













Figure 2.1: Primary radiation force components on particles due to plane standing
wave. FPy (red arrow) is the primary radiation force along the incident wave direction
in y-axis and FPxz (green arrow) is the primary radiation force in transverse plane xz.
dimensional schematic of the primary force is illustrated in Figure 2.1. In a plane
standing wave, primary radiation force is predominantly in the incident wave direction
and is also known as the axial component of the primary radiation force. This radiation
force is due to the scattering of the plane wave and is proportional to the time averaged
energy density [5,6,48]. The primary radiation force perpendicular to the incident wave
acts in the plane perpendicular to the incident wave. So it is called as the transverse
component of the primary radiation force as reported in literature [49]. This force is
due to the spatial non-uniformity of the acoustic energy density in a resonance channel.
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It was investigated in detail by Woodside [49].
In the following sections, a brief review on the acoustic radiation force is presented.
First, the advancement for calculation and measurement of primary radiation force due
to a plane incident wave is discussed. Then, the review on the interparticle radiation
force is presented.
2.1.1 Primary Radiation Force
As it was shown by King [5], the radiation force in a stationary wave is due to the
time-averaged, second-order pressure accounting for the non-linear effects in the sound
wave on the particle. The second order pressures are obtained by solving the scattered
wave potential at the surface of the object. The scattered wave potential is expressed
as the infinite series of spherical harmonics and for very small particle (ka << 1), the
series can be limited to dipole terms in a standing wave. Thus, the proposed analytical
solution for the radiation force in a standing wave was given by
| F | = piρf |Φin|2(ka)3β sin(2kh) (2.1)
β =
1 + (23(1− ρf/ρs))
2 + ρf/ρs
where ρf and ρs denote the densities of the surrounding fluid and the sphere, h is the
distance from the reference plane, |Φin| is the magnitude of the wave potential, and β is
the acoustic contrast factor. Including the relative density term in the radiation force
expression, King realised that if the relative density term ρf/ρs > 2.5 the sphere would
move to the pressure node and when ρf/ρs < 2.5, the radiation force direction would
alter. Equation (2.1) also shows that the spatially varying time averaged radiation
force has half wavelength periodicity. It is dependent on the average energy density,
the relative density of the media and the wave number. King also showed that the
radiation force due to a standing wave is much larger compared to that of a progressive
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wave of the same amplitude where the force was a function of sixth power of wave
number (ka). These important conclusions made by King served as the basis of particle
separation in acoustic field.
Later, Yosioka and Kawasima [6] extended King’s study to a more general form in
non-viscous fluid. They introduced compressibility of the spheres in the derivation
by including the refracted wave in the sphere. This created extra complications in
integrating the traction over the moving surface to calculate the force. The term for
the moving boundary is the surface integration of rate of first order potential over
the boundary at any instant of time. They showed that the extra term was reduced
to the momentum of the fluid at the moving surface. The radiation force (Equation
(2.2)) obtained from the approach is similar to the King’s formula and the contrast
factor has the extra term for the relative compressibility between the sphere and the
surrounding fluid.
| F | = 4piρf |Φin|2(ka)3βκ sin(2kh) (2.2)
βκ =
1 + (23(1− ρf/ρs))
2 + ρf/ρs
− κs3κf
βκ is the contrast factor with compressibility, κs and κf are the compressibilities of the
sphere and the host fluid, respectively. It can be seen that κs
κf
→ 0 for rigid spheres






Figure 2.2: Illustration of particle motion under acoustic radiation force in a plane
standing wave.
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decides the direction of the force in a standing wave. For βκ > 0, the particle moves to
pressure node while particles with negative βκ travel to pressure antinode as illustrated
in Figure 2.2.
Alternatively, Gor′kov [48] showed that the radiation force is a function of time-
averaged kinetic and potential energy densities in a ideal fluid, and it is given by





Epot − 3(ρs − ρf )2ρs + ρf Ekin
]
(2.3)
where V is the volume of the undeformed sphere, the time-averaged kinetic energy
density Ekin = 12ρf〈v1〉2 and time-averaged potential energy density Epot = 12κf〈p1〉2,
for first order velocity v1 and first order pressure p1 of the fluid at the sphere. After
Gor′kov, a similar method was adopted by Eller [50] and Nyborg [51]. Eller [50]
proposed that the energy required to compress the bubble in an ideal fluid by a
standing wave is related to radiation force. He defined the pulsation of bubble as an
isothermal process and the acoustic energy density was a function of the resonance
frequency of the bubble. This method was mathematically simpler compared to
Yosioka’s but it was singular at the resonance frequencies of the bubble which had no
physical significance. Nyborg [51] gave a more general case for the radiation force on
a rigid sphere due to a progressive wave. The analytical solution derived by Nyborg
had an extra term in the Gor′kov’s derivation for rigid sphere and the extra term was
negligible in case of standing wave. The formulae by Nyborg and Eller were combined
by Crum [52] for the compressible solid sphere which is the same as Yosioka’s and
Gor′kov’s analytical solutions.
Later on, Hasegawa et al. [7] extended the study to isotropic elastic sphere in
non-viscous fluid subjected to plane wave. The elasticity properties of the medium
accounted for compression as well as the shear waves inside the sphere. The radiation
force was derived similar to the Yosioka’s but the contrast factor term was complicated.
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The formulation reduces back to the King’s formula for a rigid sphere. He also
investigated the radiation force on elastic cylindrical objects and layered objects like
spherical and cylindrical shells subjected to plane wave [53]. He reported that the
frequency dependence of the radiation force for shells were more compared to solid
objects and also showed the effect of the ratio of the radii of the shell on the frequency
dependency. Wu et al. [54] derived an analytical expression for the radiation force
acting per unit length of the cylinder in a standing wave using the multipole expansion
and approach similar as Nyborg. As in literature [55,56], further studies were done
for cylinder of both finite and infinite length in non-viscous fluid. By limiting the
terms to monopole and dipole in multipole expansion, Wei et al. [57] proposed an
analytical solution for compressible cylinder of infinite length. Marston [58] derived
an analytical formula for the radiation force on incompressible spheroids as a function
of eccentricity, and by setting the eccentricity to one, the formula can be reduced to
King’s solution. Leibacher et al. [59] proposed that the radiation force on compressible
hollow and core-shell particles is similar to Yosioka’s. In their study, they derived
different acoustic contrast factors for the hollow and core-shell particles assuming
linear elasticity. The solutions were supported by both experimental and numerical
work.
In practical applications, the fluid medium is viscous. The viscous loss creates
additional radiation force on the object. Viscosity can substantially influence the radi-
ation force but the complexity of the analysis has kept many researchers uninterested.
The first real advancement in terms of calculating radiation force in a viscous fluid
was done by Doinikov in 1994. He showed that the radiation force obtained with
viscosity effect is very different than radiation force in a non-viscous fluid [60,61]. The
observation was made based on two limiting cases, (a) the viscous depth is much larger
than the sphere radius and (b) the radius of the sphere is comparable to viscous depth
but smaller. However, the the viscous effect can be neglected for primary radiation
force when the viscous depth is very small compared to the particle radius. Later
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he derived expressions for pulsating bubbles in viscous fluid [62]. He accounted for
both the viscous and thermal loss. He concluded that thermal conduction also induces
substantial radiation force.
2.1.2 Interparticle Radiation Force
The interest in the interparticle radiation force or the secondary radiation force
gained popularity over the years and among the researchers studying bubble dynamics.
Later, the idea was extended to calculate the acoustic interparticle radiation force or
secondary radiation force. In 1906, Bjerknes successfully derived a formula to calculate
the interaction force between two pulsating bubbles [35]. Embleton used multipole
expansion for the scattered waves to study the interparticle radiation force between two
rigid spheres in axisymmetric case, centre line aligned in the incident wave direction
(Figure 2.3b), in plane wave [37]. He showed numerically that the interparticle
radiation force between two spheres can exceed, in several orders magnitude, the










Figure 2.3: (a) Source sphere and target sphere in plane wave, (b) axisymmetric
case in plane wave.
experimentally and theoretically. He used Eller’s approach [50] to find out the radiation
force on the target sphere as shown Figure 2.3a. He showed that the magnitude of the
interparticle radiation force increased with increasing bubble size [36]. Weiser et al. [63]
also experimentally showed the existence of interparticle radiation force in a standing
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wave. They analysed the interaction between red blood cells in the acoustic field using
quasi-static assumption where the gravity was balanced by the time averaged radiation
force. Zheng and Apfel [38] used Yosioka’s approach to find the interparticle radiation
force between two compressible spheres in both uniform standing and travelling plane
waves. They truncated the infinite series of the field potential of the second order
scattered wave to find an analytical solution for the secondary radiation force. Later,
Doinikov and Zavtrak [39] proposed a more general study for finding the interparticle
radiation force between pulsating bubbles. In their approach, they considered the
compressibility of the surrounding fluid and studied the nature of the interaction
force in a non-viscous fluid [39]. They gave analytical solutions for the aforesaid cases
in plane progressive and standing wave, which accounted for monopole and dipole
terms. Doinikov extended his study for the interaction between multiple bubbles. He
considered higher order terms, up to five terms, in the multipole series expansion [40].
The effect of surface to surface distance on the interaction force was discussed in
this paper. He also showed that the Bjerknes formula overestimates the secondary
radiation force in close range and the direction of the interaction force changes with
distance between the bubbles [40]. Silva and Bruus [43] gave analytical solutions for
calculating the interparticle radiation force in a plane wave. They considered up to
dipole terms to derive the formulae. They included the compressibility of the medium
as well as the particles, and also for any arbitrary particle positions in the acoustic
field. Recently, Sepehrirahnama et al. [34, 42], published papers which were based on
the Doinikov’s approach for rigid spheres in non-viscous and viscous medium. They
showed the importance of higher order terms in multipole series expansion in accurately
calculating the interparticle radiation force in very close range and the interparticle
radiation force can be several order magnitudes higher compared to primary radiation
force [42]. The secondary radiation force obtained by Sepehrirahnama [42] in a non-
viscous medium was approximately double the magnitude of Silva and Bruus’ approach
when the surface to surface distance approached zero. At larger distance, Silva and
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Bruus’ formula [43] overestimates the secondary radiation force [42].
Most of the studies on interparticle radiation force or secondary radiation force
are theoretical. In experiments, there is no technique for direct measurement of this
force. Woodside et al. [49] tried to quantify the secondary radiation force in a standing
wave field. They gave the relative order of magnitudes of the primary radiation force
in the axial direction, in the transverse plane, and the interparticle radiation force.
They used the analytical expression given by Weiser [63] for the interparticle radiation
force to compare with the Gor′kov’s expression for primary radiation force. The
energy density was obtained experimentally, by tracking the particle trajectories in
ultrasonic field. Garcia-Sabaté et al. [44] studied the effect of secondary radiation
force in particle agglomeration. They extended the investigation for different sizes of
polystyrene beads. The effect of interparticle radiation force was observed at a critical
centre – centre distance between the beads. At the critical distance, a sudden change
in the trajectories of the beads was observed due to the secondary radiation force. The
interparticle radiation force was calculated from the equation of motion in the plane
perpendicular to the incident wave. Later, Castro and Hoyos [45] performed similar
investigation in microgravity condition. It was concluded that the critical distance
remains same in both microgravity and gravity conditions. However, the magnitude of
the secondary radiation force in microgravity is higher than in gravity.
In summary, the primary radiation force can be calculated from Yosioka’s formula
(Equation (2.2)). The effect of viscosity can be neglected to find the primary radiation
force, as viscous streaming is a local effect. The thermal effect can also be neglected,
if the amplitude of excitation is low or the device has cooling arrangement. The
acoustic energy density can be estimated using the least squares method and acoustic
energy density as the fitting parameter. In the ultrasonic field, the primary radiation
force is the dominant force acting on an isolated particle. The magnitude of primary
radiation force depends on the frequency, mechanical properties of the media and the
size of the particle. While investigating the interparticle radiation force or acoustic
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interaction force, the viscous effect should be considered. At close range surface to
surface distance, the viscous streaming is dominant and can overwhelm the primary
radiation force.
2.2 Application of Acoustophoresis in Cell Mechan-
ics
A cell exhibits physical and biochemical changes under the influences of environ-
mental stimuli. It has been observed that the biochemical responses of the cell alter
the mechanical properties of the cell, and one of the such examples is the softening of
cancerous cell [4, 64]. The change in the mechanical property of the cell can alter the
cell growth, proliferation , and migration. As mentioned in the literatures [20, 21], the
changes in the cell property can be attributed to the physiological changes.
To monitor cell mechanical property, more importantly the stiffness, measurement
techniques like cytoindentation, micropipette aspiration, atomic force microscopy,
optical tweezers and optical stretcher are very popular. These techniques can be
broadly classified into two groups based on their mode of measurement: (a) contact
types and (b) non-contact types. Atomic force microscopy (AFM) uses a sharp probe
mounted on a flexible cantilever to scan the cell surface. The stiffness of the cell
membrane is determined from the indentation depth against the applied mechanical
load. As in literature [18–21,25], AFM was used to distinguish between healthy cells
and disease affected cells from their stiffness. Dulińska et al. [20] and Lekka et al. [21]
studied the elastic property of the red blood cell, attributing the change in stiffness
to different diseases using AFM. In micropipette aspiration technique, cell is sucked
into a micropipette at a certain pressure and the cell membrane elastic modulus is
measured from the elongated portion of the cell as shown in literature [27, 28]. Due to
the high curvature of the membrane at the edge of the micropipette, there is a stress










Figure 2.4: Illustration of techniques for cell mechanics investigation [1, 65].
concentration. This may alter the cytoskeleton configuration of the cell. Similar to
AFM, in cytoindentation, the cell is deformed by a larger probe comparable to the size
of the cell. It is also known as the cell poker method as in literature [22]. Daily [22]
used the indentation of the cell surface to calculate the area compressibility modulus
of the membrane. All these aforementioned methods use mechanical load to deform
the cell locally or volumetrically and they belong to the contact type of techniques.
Techniques like optical tweezers [29,30] and optical stretcher [26] use high energy laser
beam to compress or stretch the cell. Optical tweezers move active beads to compress
the trapped cell . The deformation of the cell is measured and the mechanical property
of the cell is back calculated by comparing with the theoretical model.
Apart from optical techniques, acoustic radiation force has gained interest among
the researchers to characterize mechanical properties of biological cells. As the radiation
force is due to the traction on the surface, it can also deform the cells. Using this
method, Hartono et al. [4] reported the bulk compressibility of cancer cells. They
used polystyrene beads along with the cancer cells in the experiment to estimate the
energy density. Using the least squares fitting method, the acoustic energy density was
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obtained by comparing the theoretical and experimental trajectory of the polystyrene
beads. With the energy density value, the compressibility of the cells were estimated
by the similar least squares fitting method but compressibility of the cell was used as
the fitting parameter. The measured bulk modulus is the cumulative of both the core
and membrane of the cells. However, the contribution of the membrane is very small in
bulk modulus due to the low elastic modulus of the membrane [P1]. Mishra et al. [33]
studied the cell membrane stiffness of the red blood cells. Osmotically pre-swollen
red blood cells were deformed under acoustic radiation force. The deformation of the
cells were measured as the aspect ratio of their shape. The experimental results were
supported by the simulated results from finite element models. They used two different
models in COMSOL multi-physics software to obtain the tractions on the cell surface
and to solve for the deformation. The cell was modelled as an axisymmetric thin shell
and during the deformation the internal fluid was assumed to be incompressible. This
was incorporated by introducing an internal pressure which is proportional to the
change in the volume of the cell.
In summary, the acoustic radiation force can be used to deform biological cells. It is
a non-contact type method and can be easily miniaturised. Acoustophoresis can handle
multiple cells in a single run and can be used as a continuous measurement process.
The energy density in the channel is much lower compared to other non-contact type
methods like optical stretcher. This makes it suitable for handling live cells without
much detrimental effects.
Chapter 3
Experimental Method and Material
In this chapter, the experimental set-up and the microfluidic devices used is discussed.
This chapter also contains brief discussion about three different experiments conducted
for the acoustic energy density mapping, algae cell membrane Young’s modulus
measurement and interparticle radiation force measurement.
3.1 Experimental Set-up and Procedure
A channel, when excited at a frequency which corresponds to the wavelength equals
to double the width of the channel, standing wave is set-up across the channel (Figure
3.1). The standing wave is responsible for driving the suspended particles in the
channel to the pressure node or antinode depending on their relative mechanical
property with respect to the surrounding fluid.
y
x
Figure 3.1: Image of the channel with standing wave and the position of the pressure
node.
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(a)
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Figure 3.2: (a) Schematic of experimental set-up: (1) Computer, (2) Syringe, (3)
Syringe pump, (4) Microscope, (5) CCD, (6) Valve, (7) Waste flask, (8) Signal generator,
(9) Amplifier, (10) Oscilloscope, (11) Multimeter, (12) Light source, (13) Microfluidic
device, (14) Temperature control unit, and (15) Thermistor. (b) Laboratory set-up for
the acoustophoretic experiment.
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Figure 3.2a shows the schematic of experimental set-up for the study of acoustophore-
sis and the actual laboratory set-up is shown in Figure 3.2b. The microfluidic device
is primarily a resonating chamber mounted over a piezo-transducer. The transducer
was excited by Agilent 33120A signal generator and NF HSA 4101 high speed bipolar
amplifier. The excitation frequency of 1.875 MHz was chosen so that the width of
the channel corresponds to half of the wavelength. To monitor voltage and power
input to the transducer, the amplifier is further connected to a Hewlett-Packard
54600A oscilloscope and a Agilent 3458A high frequency multimeter. During the
experiment, the amplifier was operated at desired amplification without any bias. The
experimental observations were captured from top by a Nikon CCD mounted to a Leica
DMLM microscope. An external Leica CLS 150X light source was used to illuminate
the channel; however the fluorescent micro-spheres were observed by the blue light
obtained from the excitation filter of the microscope. In this way, the spheres can be
observed properly to obtain their trajectories in the experiment. The temperature was
controlled using a peltier unit, a TC-48-20 temperature control unit and a 15 K Ohms
MP-2444 thermistor from TE Technology, USA.
Before every run, the channel was rinsed thoroughly with water for 30 minutes at a
flow rate of 5 ml/hr, and in few specific cases, absolute ethanol was used to clean the
channel surface. It is recommended to rinse the channel with water after the ethanol
treatment. Once the specimen solution was injected into the channel, the syringe was
kept free and the specimen was allowed to settle in the channel before the valve was
closed. The valve maintained the mean pressure in the channel and also prevented
any pressure fluctuations from environment during the experiment.
3.2 Microfluidic Devices
The basic components of acoustophoretic microfluidic device are micro-channel,
piezo-transducer and a platform to attach to. The microfluidic channel is a Vitrocom
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glass capillary of 400µm× 40µm cross-section with wall thickness of 40µm and length
of 50mm. Using this capillary, two types of devices were built for this project. The
capillary was mounted on a SP-5H grade transducer (30mm × 8mm × 1mm) from
Sparkler Piezoceramics, India. The glass capillary was chosen over other types of
channel due to its smooth wall which results in less scattering and loss of acoustic
energy inside the channel. Peristaltic flexible tubes were connected to the both ends
of the capillary to serve as inlet and outlet to the device. Capillary ends were inserted







Figure 3.3: (a) Microfluidic device Device 1 (b) Microfluidic device Device 2. The
red broken lines represent the capillaries.
Table 3.1: Comparison between microfluidic devices.
Device 1 Device 2
Micro-channel 400µm× 40µm 400µm× 40µm
Wall thickness 40µm 40µm
Resonance frequency 1.875 MHz 1.875 MHz
Cooling arrangement no cold-plate, peltier, heat-sink
Used for energy density mapping algae cell deformation,
interparticle radiation force
Figure 3.3a shows the Device 1 used for the energy density mapping. Device 2
(Figure 3.3b) was with cooling arrangement, developed for algae cell and interparticle
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radiation force investigation. The comparison between the both types of devices is
given in Table 3.1. In Device 1, the transducer was partially mounted to the glass slide
at one edge while the other edge was free. The configuration in Device 2 was different
than in Device 1, as the transducer was completely glued to a aluminium cold plate
with metal epoxy. Metal epoxy has a high thermal conductivity which facilitates heat
flow from the transducer to the cold plate cooler. The peltier unit (from TE Tech,
USA) was sandwiched in-between the cold plate and the heat sink while cold side in
contact with the cold plate. The heat removal rate of peltier unit is 28 Watts which
(a) (b)
Figure 3.4: (a) Exploded view of Device 2: (1) Heat-sink, (2) Peltier unit, (3)
Cold-plate, (4) Peristaltic tube, (5) PZT, and (6) Capillary. (b) Top view of Device 2.
All dimensions are in mm.
is effective in removing the heat generated by the PZT at a rate of 1.25 Watts. The
rate of heat generation of PZT was obtained by monitoring the change in temperature
when it was operated at 1.875 MHz and 35 Vp-p supply voltage during 20 times power
amplification. This operating condition of PZT corresponds to the highest input power
in this project. In this condition, the surface temperature of PZT increased by 15◦C in
seven seconds. The heat capacity and the density of the PZT are 0.33106 J/(g K) and
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7.366 g/cm3 [66], respectively. The heat removal rate of the peltier unit depends on
the temperature difference between the hot and cold surfaces, the supply voltage and
the operating temperature of the hot surface. In the experiment, the peltier unit was
operated at 12 V supply voltage. At 50◦C hot side operating temperature and 40◦C
temperature difference between the cold and hot surfaces, the heat removal rate of
peltier unit is 28 Watts which is sufficient to cool the PZT. The interfaces between the
cold plate, peltier and heat sink were laminated with thermal paste to create proper
contact and to enhance heat flow through the interfaces. The thermistor was attached
to the transducer to monitor the temperature and to give feedback to the temperature
controller. The cooling system is a necessary arrangement to perform experiment at
high pressure amplitudes and to prevent cavitation in the channel during experiments.
Figure 3.4b shows the detailed component-wise dimensions of the Device 2.
3.3 Experiments
Three different studies were carried out using the aforesaid experimental set-up: (1)
Acoustic energy density mapping, (2) Deformation of algae cell in acoustophoresis and
(3) Measurement of interparticle radiation force.
3.3.1 Experiment 1: Acoustic Energy Density Mapping
For the mapping of acoustic energy density in Chapter 4, Experiment 1 was per-
formed. During acoustic energy density mapping, the experiments were carried out at
very low pressure amplitude which is generated at 20 Vp−p using the signal generator.
For this purpose, the experimental set-up was without the multimeter, the amplifier
and the temperature controller. Figure 3.3a shows the microfluidic device Device 1
used in this experiment. There was no cooling arrangement in the microfluidic device
as the experiment was carried out at very low pressure amplitude. In this study, 5µm
diameter fluorescent polystyrene bead aqueous suspension was used as the specimen.
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Tween-20, a non-ionic surfactant, was mixed with the specimen solution to prevent
beads from sticking to the glass surface of the channel. The beads have a positive
contrast factor [4] which will cause them to move to the pressure node when ultrasound
field is switched on. The bead motion in the micro-channel was observed at various
sections spaced 400µm apart over 18.2mm functional length of the channel. For each
observation point, the experiment was repeated five times to check for the consistency.
3.3.2 Experiment 2: Deformation of Algae Cell in Acoustophore-
sis
For this study, the set-up mentioned earlier in the section 1 was used. Green algae
(chlorella vulgaris) was used as the specimen for the investigation. The details about
the specimen preparation is reported in Chapter 5. The experiment was conducted at
very high voltage inputs with ten times and twenty times power amplification. Due
to the high power input, the device was actively cooled by the peltier unit and the
temperature was controlled using control unit. The deformation of the algae cell was
monitored for fifteen different cells at three different pressure amplitudes. The cells
were typically of 6µm diameter in size. Chapter 5 contains the results of the biological
cell deformation observed during Experiment 2.
3.3.3 Experiment 3: Measurement of Interparticle Radiation
Force
The experimental set-up is as shown in Figure 3.2a and the device is the same
as in Experiment 2. The experiment was conducted at 6 Vp−p voltage input from
signal generator and the signal was amplified ten times before the transducer. The
corresponding pressure amplitude is moderate. Therefore, there was no cooling process
even though the device was with cooling arrangement. However, the temperature was
monitored during the experiment with the thermistor. The specimen was chosen to be
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fluorescent polystyrene spheres/beads (Thermo Scientific, USA) of 9.9µm diameter,
dispersed in aqueous medium. The results of Experiment 3 are published in Chapter
6.
The three types of experiments are summarized in Table 3.2.
Table 3.2: Comparison between the experiments.
Experiment 1 Experiment 2 Experiment 3
Microfluidic device Device 1 Device 2 Device 2
Cooling process no active cooling no
Test specimen fluorescent green algae fluorescent
ploystyrene beads ploystyrene beads
Specimen diameter 5µm 6µm 9.9µm
Pressure amplitude low high moderate
Investigation of acoustic energy cell deformation interparticle radiatio
density (Chapter 4) (Chapter 5) -n force (Chapter 6)
Chapter 4
Mapping of Acoustic Energy Density
In this chapter, an alternative method for calculation of energy density is proposed
and the results are compared with the least squares method [4] where Eac is used as
fitting parameter. The least squares method to calculate mean energy density for a
particle trajectory does not require any special technique like micro-PIV and rapid
light-intensity method. The objective is to understand the resonance behaviour of the
micro-channel.
4.1 Methodology
The beads (5µm diameter) move to the pressure node under the influence of acoustic
radiation force in acoustophoresis. The observations were captured as uncompressed
.avi files using NIS BR Scientific image processing software. The media files were
post processed and the trajectory of an isolated bead whose centre distance from any
surrounding bead was more than five times the radius was retrieved by counting the
pixels in each frame. It is assumed that there was no background flow of the host
fluid or the fluid was quiescent. The motion of the bead is only in y direction which
is across the channel. The time averaged acoustic radiation force [6] on a particle of
radius a at a distance y from the pressure node in a standing wave of uniform acoustic
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where k is the wave number, Eac is the acoustic energy density and βκ is the acoustic







where ρp and κp are the particle density and compressibility, ρf and κf are the sur-
rounding fluid density and compressibility, respectively. βκ is 0.559 for the polystyrene
beads used in this study. The particle also experiences Stokes drag FD during the
translation to the pressure node, and this force is approximated by
FD = −6piµau (4.3)
where u is the velocity of the particle and µ is the dynamic viscosity of the host fluid.
In quasi-static condition the equation of motion of the bead is given by
Fac + FD = 0 (4.4)
By knowing the experimental trajectory, one can calculate the acoustic energy density
Eac from the equation of motion Equation (4.4). The Eac can be calculated by two
methods: (a) Method 1: by calculating the velocity from experimental trajectory, (b)
Method 2: least squares fitting method of the simulated trajectory and Eac as the
fitting parameter [4].
4.1.1 Method 1
In Method 1, the velocity of the bead in ith time step can be calculated from the
trajectory using central difference, Euler forward or Euler backward method.
Central difference: ui =
yi+1 − yi−1
ti+1 − ti−1 i = 1, 2, 3...(n− 1) (4.5)
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Euler forward: ui =
yi+1 − yi
ti+1 − ti i = 0, 1, 2, ...(n− 1) (4.6)
Euler backward: ui =
yi − yi−1
ti − ti−1 i = 1, 2, 3...n (4.7)
From equation of motion Equation (4.4), one can calculate Eac i at every time step ti







So for each observation, the energy density was calculated at all the time steps
independently using the Equation (4.8) in Method 1.
4.1.2 Method 2
Yes
Find the velocity u of the
bead using	equation	ofmotion
Obtain the displacement∆tu for the time step ∆t
Update the position of













Figure 4.1: Flowchart for simulating the trajectory using experimental conditions at
a given Eac for the least squares fitting method.
Chapter 4. Mapping of Acoustic Energy Density 31
In Method 2, the trajectory of the bead is simulated from the starting position y0 for
any energy density Eac as shown in the flow chart Figure 4.1. The velocity at ith time




The distance of the bead at ti+1 becomes
yi+1 = yi + ui∆t (4.10)
where ∆t = 0.01s is the time step.
This way the entire trajectory of the bead can be simulated and the root mean square
error of the simulated trajectory with respect to experimental trajectory yexp is given
by
RMSE =
√√√√√ n∑i=0(yi − yexp i)2
n
(4.11)
where n is the total number of frames in a recorded trajectory. The energy density
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Figure 4.2: The least squares fitting method for finding Eac. (a) Experimental
and best fit simulated trajectories for three different experiments (b) RMSE of the
trajectories for least squares fitting method where Eac is the fitting parameter.
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was incremented at a step of 0.01J/m3 and the simulated trajectories were compared
with experimental trajectory until the Eac with minimum RMSE (Figure 4.2b) was
obtained. This gives the best fit trajectory for a given energy density. Figure 4.2 shows
the examples of the aforementioned method of finding the average energy density for
a given experimental trajectory.
4.2 Results
At each location of the channel, the results are limited to four to six different
trajectories obtained from different experiments. Both Method 1 and Method 2 were
used to calculate the energy density from the experimental observations. Figure 4.3a
shows the mean of the calculated acoustic energy density Eac using both Method 1
and 2. For Method 1, velocities were calculated using the central difference, Euler
forward and Euler backward method from the experimental trajectory. Mean Eac with
the error bars calculated using the least squares method (Method 2) is plotted as black
asterisk. It can be observed that the mean Eac obtained by Method 2 is very close to
the mean Eac calculated using Method 1 with velocity from central difference method.





t tcritical H0 : m1 = m2
Location 1 14.04 % 0.658 2.571
√
Location 2 4.05 % 0.543 2.447
√
Location 3 5.8 % 1.933 2.228
√
Location 4 4.98 % 0.842 2.571
√
To validate Method 1 with central difference for velocity calculation, t-test was
used for the results obtained from both methods at all observation points. The null
hypothesis of the t-test is H0 : m1 = m2 where m1 and m2 are the means for Method
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Figure 4.3: Mapping results of energy density Eac: (a) Comparison of energy density
obtained from velocities calculated by Method 1 and Method 2. The error bar
represents the upper and lower limits. (b) Comparison of standard deviation of the
calculated energy density by Method 1. (c) Box and whisker plot of energy density
obtained from velocities calculated by central difference method [C1]. The whiskers
represent the upper and lower quartile which are 2.698σ from the mean for a normal
distribution.



















































Figure 4.4: Localised energy density at four different sections at x = 9.2, 9.6, 10.0,
and 10.4 mm of the functional length of the channel obtained by Method 1 (central
difference). The four contour plots are for four different experiments conducted
separately at the aforementioned locations of the channel. The y-axis represents the
distance from the pressure node while the x-axis is the section of region of interest,
400µm, along the length of the channel and 200µm on each side of the observation
point. For any frame, the localised energy density is constant over y.
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1 and 2, respectively. The t-values of all observation points are compared against their
respective critical two-tail t-values at 95 % confidence level and it was observed that
the t-values are lesser across all levels. Therefore, it is concluded that the differences
between the mean m1 and m2 is not statistically significant. Table 4.1 shows the t-test
results for four selected locations (as shown in Figure 4.3a) in the channel where the
percentage difference between the two methods are high.
Assuming the calculated energy density is normally distributed at every observation
point, in Figure 4.3b the standard deviations of the results obtained by Method 1
were compared. As expected, the central difference method produced lowest variation
compared to the Euler forward and backward method. The measured Eac from central
difference velocity is plotted as box and whisker plot in Figure 4.3c to show the
variation of Eac at specific sections along the length of the channel. Each box and
whisker plot contains calculated Eac for all the individual frames (in general 50-90
total) of the trajectories. To show the variation of calculated Eac for a single trajectory,
the results obtained using Method 1 and velocity from central difference method,
Eac results are shown in contour plots for different experiments at four sections of
length of the channel. In all these observation, the variation of Eac within the same
trajectory can be clearly observed and sometimes the variation is more than 30% from
the maximum calculated energy density in the trajectory. This implies the difficulty
of achieving uniform energy density in a resonating chamber in real application.
4.3 Discussion
Method 1 was validated against Method 2 using two-tailed t-test at 95 % confidence
level. From the t-test, it is concluded that the differences in the results obtained using
both methods are not statistically significant and the results obtained by Method 1
are reliable. The maximum percentage difference of the mean Eac between the two
methods is 14.57 % at x = 1.6 mm, the inlet end of the channel. Only 4 out of 46
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locations of the channel has more than 5 % difference of the mean Eac obtained by
the two different methods. Moreover, Method 1 gives us the localised energy density
(Figure 4.4) assuming the quasi-static condition for the equation of motion as the mass
of the individual bead is very small due to their small size. So, the inertia term can
be neglected from the equation of motion. This shows that for simple applications the
energy density in the experiment can be assumed to be uniform. But for investigations
where the precision of experiment is critical, the perturbations in the energy density
should be considered in calculations, for example, in experimental measurement of
interparticle radiation force. Comparison of the standard deviation of calculated
energy density (Figure 4.3b) shows that central difference method should be used to
calculate the velocity from the experimental trajectory as the order of truncation is
O(h2) which leads to less variance.
Chapter 5
Measurement of Elastic Modulus of Cell
Membrane using Acoustophoresis
In this chapter, it is shown that ultrasonic standing wave can be used not only to
manipulate biological cells but also to compress and deform them. The deformation
of the cell due to ultrasonic standing wave was numerically simulated and compared
with experimental deformation to estimate the cell membrane elastic modulus. The
cell was modelled as a thin axisymmetric shell and green algae (Chlorella vulgaris)
was chosen as the live cell specimen for the experiment.
Algae is considered as one of the potential raw materials for biorefining due to its
high growth rate and it can be cultured in a small marginal area. The inter-cellular
matter is extracted by rupturing the cell wall. So, the efficiency of the process depends
on the effectiveness of the cell wall disruption. However, the stiffness of the algae cell
membrane has not been studied. In the following sections, the method to find the
Young’s modulus of algae cell membrane is described. The experimental set-up and
procedure are introduced in Section 3.1–3.3 of Chapter 3.
5.1 Experiment on Cell Deformation
5.1.1 Preparation of Algae Sample
For the experiment, green algae (Chlorella vulgaris) cells were cultured in-house.
The culture medium is Sigma-Aldrich BG-11 solution in fresh water and mixed with
37
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deionized water in a ratio of (1:1:50). The cultured algae was mixed with water, and
then blue food color (0.5 %) was added to improve the cell visibility prior to the
experiment. A portable vortex generator was used (at 2500 rpm for 15 minutes) to
break the algae cell clusters and to separate the individual cells during the sample
preparation.
5.1.2 Measurement of Cell Deformation
Media files showing the trajectory and deformation of cells captured during the
experiment were post-processed by Nikon NIS Elements BR scientific image processing
software. The deformed cell images were first processed through contrast enhancement
as shown in Figure 5.1b using Nikon NIS Elements BR scientific image processing
software. The boundary pixels of the contrast enhanced image were extracted by





Figure 5.1: (a) Captured image of algae cell (unprocessed). (b) After contrast
enhancement of the captured image by Nikon NIS Elements BR scientific image
processing software. (c) Boundary pixels and the fitted ellipse for the algae cell image
to obtain the aspect ratio of the cell.
pixels. These pixels were fitted to a best fit ellipse using the least squares method
to obtain the major and minor axes. Figure 5.1c shows the boundary pixels and
the fitted ellipse using the least squares method. Subsequently, the aspect ratio of
the deformed algae cell was calculated. The above measurement technique of aspect
ratio is indirect because it involves image processing and the least squares method.
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Therefore, it is very difficult to calculate the uncertainty in the measurement of the
aspect ratio. However, the upper bound of the uncertainty in the aspect ratio can
be calculated from the accuracy of the measurement of the major and minor axes.
This assumes the worst case scenario of fitting an ellipse using only four boundary
coordinates of the major and minor axes. As the length of a pixel is 0.16µm, the
accuracy in the measurement of the position is 0.08µm which is half a pixel length.
The accuracy in the measurement of the major and minor axes is 0.16µm considering
the accuracy in the measurement of the position at extreme ends of the boundary.
The accuracy of 0.16µm corresponds to 2.67 % uncertainty in the measurement of
major and minor axes where the average cell diameter is 6µm. So, the upper bound of
the uncertainty in the measurement of the aspect ratio is 5.33 %. In reality, the ellipse
was fitted using 250-300 pixel coordinates which means that the actual uncertainty in
the measurement of the aspect ratio would be less than 5.33 %.
5.1.3 Deformation of Algae Cell
The algae cells were trapped in the pressure node as illustrated in Figure 5.2 and
their deformation under the acoustic field was continuously monitored. Figure 5.3




Figure 5.2: Schematic of an algae cell inside a micro-channel with standing wave
[P1].
taken for five different cells at pressure amplitudes Po of 647, 776, and 913 kPa. The
experiment was repeated twice for each cell to obtain ten measurements at each
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Figure 5.3: The deformed algae cell (right figure) compared to its original shape (left
figure) for Po = 776 kPa. The red arrows in vertical position shows the compression
at the poles [P1].
pressure amplitude. The pressure amplitudes were calculated using the mean energy
density Eac measured in Chapter 4. To calculate the pressure amplitudes, the voltage
and current inputs to the PZT were measured for these pressure amplitude settings.
As the Eac is proportional to the power input of the PZT, the pressure amplitudes
were calculated for the corresponding Eac [67], given by
P 2o = 4EacρfC2f (5.1)
where ρf is the density of the stationary host fluid and Cf is the speed of the wave in
the host fluid. The deformation of the cell was not distinguishable at lower pressure
amplitudes, which is the reason the experimental observations start from 647 kPa.
Above 913 kPa, it was difficult to capture any deformation of the cell due to noise in the
experiment and movement of the cell at high pressure amplitudes. These abnormalities
Table 5.1: Experimentally obtained deformations of algae cells [P1].
Po = 647 kPa Po = 776 kPa Po = 913 kPa
Mean aspect ratio 1.027 1.051 1.078
Standard deviation (σ) 0.009 0.019 0.016
Standard error of the sample mean 0.003 0.006 0.005
(σ/
√
n), n is the sample size (n = 10)
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at high pressure amplitudes are probably due to the sudden rise in temperature, high
energy density at high pressure amplitude and acoustic streaming. Therefore, the
experiment was conducted only for the aforementioned pressure amplitudes. Table 5.1
shows the mean aspect ratio, the standard deviation and the standard error of the
sample mean of the deformed cells. The standard error of the sample mean shows the
spread of the mean aspect ratio from the population mean assuming the measurement
of the aspect ratio follows normal distribution.
5.2 Axisymmetric Cell Model
Chlorella vulgaris is known as spherical in shape [68,69]. So the cell membrane is
modelled as an axisymmetric thin shell where the initial undeformed shape is spherical.
The coordinates of the membrane are r, θ, z in polar cylindrical coordinate system as













Figure 5.4: (a) Meridian plane of the cell membrane. (b) The positive directions of
stress resultants and loads acting on an element of the membrane [P1].
normal to the cell membrane and s, arc-length coordinate. Figure 5.4b shows the
stress resultants Ns, Qs and Ms and the tractions Tξ and Ts on a discretized element of
the cell membrane. By assuming small deformation of the cell, the governing equations
of the shell membrane can be obtained from the linear theory of shells [70]. The
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equations are given as,
d
ds




























































12r (χ) + (rQs) (5.7)
The above equations are for a cell membrane of thickness h, while E and υ being
the Young’s modulus and Poisson’s ratio, respectively. R1 and R2 represent the
principal radii of curvature in meridian and circumferential directions, respectively.
The Poisson’s ratio υ is 0.5 [26] for the cell membrane. The kinematic variables u, w
and χ are governed by the first three equations Equation (5.2) – (5.4), while Equation
(5.5) – (5.7) are the equilibrium equations for the cell membrane. The tractions Tξ
and Ts are the acoustic tractions calculated using boundary element model [P1].
For any node on the cell membrane, the unknown variables are three kinematic
and three kinetic variables as mentioned in the Table 5.2. The six equations are
solved simultaneously for the unknowns using the shooting procedure with trapezoidal
method along the meridian of the cell. The shooting procedure is chosen over other
numerical techniques because of its simplicity in implementation and fast computation.
It utilizes the known boundary conditions at the pole (θ = 0◦) and equator (θ = 90◦).
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Table 5.2: Variables in the governing equations of the thin shell of revolution.
Kinematic variables
u : tangential displacement of the middle surface
w : normal displacement of the middle surface
χ : rotation of the normal
Kinetic variables
Ns : membrane stress resultant
Qs : shear stress resultant
Ms : bending moment resultant
R1 : principal radius of curvature in meridian direction
R2 : principal radius of curvature in circumferential direction
h : thickness of the cell membrane
E : Young’s modulus of the cell membrane
υ : Poisson’s ratio (υ ≈ 0.5)
The procedure is started from the pole with the boundary conditions given as
u |θ=0◦= 0
χ |θ=0◦= 0 (5.8)
rQs |θ=0◦= 0
and ends at the equator for every iteration. The other variables (w, rNs, and rMs)
at the pole are successively iterated until the following boundary conditions at the
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equator are satisfied as
u |θ=90◦= 0
χ |θ=90◦= 0 (5.9)
rQs |θ=90◦= 0
5.2.1 Simulation of Cell Deformation
The radiation traction on the cell surface was simulated using boundary element
method and the details about the boundary element method for acoustic radiation
traction is mentioned in the publication [P1]. The properties of the algae cell used
to simulate the radiation traction is given in Table 5.3. The radiation traction at
pressure amplitude Po of 647, 776, and 913 kPa is required to compare the experimental
observations with the simulation and subsequently, to estimate the Young’s modulus
of the cell membrane. Figure 5.5a shows the normal radiation traction Tξ on the
Table 5.3: Properties of algae cell [2, 3].
Cell radius 3.0 µm
Cell density 1060 kg/m3
Speed of sound 1539 m/s
Cell membrane thickness 0.030 µm
Cell compressibility 3.9× 10−10Pa−1
algae cell along the meridian due to the acoustic field at pressure amplitude Po = 900
kPa. Tξ is larger at the equator (θ = 90◦) than the pole (θ = 0◦). It is noted that
the magnitude of the tangential traction Ts is negligible in comparison to Tξ. The
direction of the total radiation force is depicted in Figure 5.5b. The total outward
radiation traction at the equator is larger than at the pole.
The simulated deformation of the cell membrane without the cell core is shown
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in the Figure 5.6a. It can be seen that the volume of the cell increases after the
deformation. As the cell core is nearly incompressible (high bulk modulus), the change
in volume after the deformation should be negligible. This has been shown for




















Acoustic Traction on Algae (P
o












Figure 5.5: (a) Magnitude of the acoustic radiation tractions for Po = 900 kPa. (b)
The directions of the acoustic radiation tractions [P1].
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Figure 5.6: Deformation of cell membrane: (a) without the internal fluid and (b)
with the internal fluid, for E = 400 Pa.
red blood cell by Hartono [4] and also Mishra [33]. Therefore, to incorporate the
incompressibility of the cell and maintain the volume, a uniform internal pressure Pcore
is added to the model [P1]. Pcore represents the presence of the cell core or the internal
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fluid of the cell. The internal pressure opposes the outward radiation traction and
maintains the cell volume during deformation. The internal pressure is determined
by successive iterations until the change in the volume becomes negligible (less than
0.5 %) [P1]. Figure 5.6b shows the correct deformation of the cell after applying the
internal pressure. The pole moves inwards while the equator moves outwards, as the
outward radiation traction at the equator is larger than at the pole. The volume
remains nearly unchanged.
5.3 Estimation of Young’s Modulus of Algae Cell
Membrane
To predict the Young’s modulus of the cell membrane, the experimental and the
numerical results are plotted together in Figure 5.7a. The experimental results are
represented as black asterisks with error bar that shows the standard deviations from
the mean aspect ratio at each pressure amplitude. By comparing the experimentally
measured deformation with the numerical results, the Young’s modulus of the cell
membrane was estimated. To find the best estimate of the Young’s modulus based on
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Figure 5.7: The determination process of Young’s Modulus of algae cell; (a) Charac-
teristic curves of algae cell and (b) Least Square Error of aspect ratio for algae cell
[P1].
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the mean values of experimental data, the least squares method was adapted, where
Young’s Modulus, E was used as a fitting parameter. The difference between the
experimental and simulated aspect ratios, e is defined as
e = α∗ − α (5.10)
where α∗ and α are the aspect ratios obtained from simulation and experiment,
respectively. The sum of squares of the differences, Se, is given by the following
equation in which N denotes the number of experimental data points.
Se = ΣNi e2i (5.11)
The values of Se for E = 550− 650 Pa at a step size of 10 Pa are shown in Figure 5.7b.
The best estimate of Young’s modulus is obtained at minimum value of Se for E = 630
Pa. Hence, the Young’s modulus of the green algae cell membrane is estimated to be
630 Pa.
5.4 Discussion
The best estimation of Young’s modulus of the algae cell membrane is 630 Pa.
This is higher compared to the best estimated Young’s modulus of the red blood cell
membrane [P1]. However, it can be seen from Figure 5.7a that the cell membrane
modulus can be 400 – 800 Pa based on the experimental results. Similar observations
for elastic modulus of red blood cell membrane has been reported in literature [26, 28].
This method is only applicable for the axisymmetric cells where the initial unde-
formed shape is spherical. The cell model is also governed by the linear theory of




In this chapter an experimental-theoretical approach to calculate interparticle radia-
tion force between two polystyrene beads is proposed. The experimental observations
were captured for cases where two isolated polystyrene beads move under acoustic
radiation force to the pressure node and finally meet at the pressure node under the
influence of interparticle radiation force. To accurately calculate the interparticle
radiation force, the hydrodynamic interaction between the beads has been considered.
6.1 Specimen Preparation
The specimen is fluorescent polystyrene spheres/beads of 9.9µm diameter (Thermo
Scientific, USA), dispersed in aqueous medium. To ensure and increase the chance of
trapping only two micro spheres in the region of observation, the solid concentration of
bead suspension was chosen to be 4.188× 10−4% which corresponds to approximately
ten spheres in the channel for every fresh injection of solution. Tween 20, a non-ionic
aqueous solution, was added to the test specimen at 2:3 ratio (bead concentration :
Tween 20 concentration) to prevent beads from sticking to the channel wall.
48
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Table 6.1: Properties of the polystyrene beads used for interparticle radiation force
study [4].
Diameter 9.9 µm
Density 1050 kg m−3
Compressibility 2.25× 10−10 Pa−1
6.2 Experimental Procedure
The experiment was conducted as per the method and using the set-up described in
Chapter 3. During the experiment, the temperature was observed to be between 22◦
to 24◦C. The ultrasound was switched on at 1.875 MHz, and the micro spheres moved
to the pressure node plane which is the longitudinal line passing through the middle
of the channel when seen from top as shown in Figure 6.1a. To repeat the observation
for the pair, the ultrasound was switched off and the transducer was excited at 2.675
MHz. As it can be seen in the Figure 6.1b, the spheres moved away from the pressure
Figure 6.1: Schematic of the micro spheres at different excitation frequencies inside
the channel: (a) at 1.875 MHz, (b) at 2.675 MHz. The arrows indicate the direction
of radiation force.
node towards the wall. By switching between these two frequencies, the experiment
was repeated for the same pair of micro spheres to capture multiple observations. The
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media file was recorded as uncompressed colour .avi files at maximum 15 fps speed by
Nikon NIS Elements BR scientific image processing software. The interval between
the sequential frames is 0.06 to 0.11 seconds. To obtain the trajectory of the spheres,
Tracker [71] open source software was used and it gives the coordinates of the spheres

























Figure 6.2: Illustration of primary radiation force components in 3D.
In an ideal scenario where the energy density is uniform throughout the channel, it
is expected that the beads agglomerate at the pressure node plane due to the radiation
force in the wave direction where the pressure amplitude is zero. This can be seen as
a strand of spheres in a straight line from top as shown in Figure 6.1a. However, in
reality it is very difficult to achieve a uniform acoustic field inside the channel, and it
is observed that the beads gather in lumps at specific positions in the pressure node
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instead of forming a chain. The non-uniform energy density in the channel causes
perturbations in the primary radiation force and is responsible for the clustering of
the beads at specific positions [49].
So, the primary radiation force can be divided into two types based on energy
density: (a) nominal force due to a uniform field and (b) force caused by the field due
to the perturbations from the uniform field. The nominal primary radiation force due
to the uniform field always acts towards the pressure node and denoted as FPy . The
non-uniformity in the energy density causes perturbations in the radiation force which
acts in all the three directions and is denoted as F˜x, F˜y and F˜z. The perturbation in
radiation force due to non-uniform energy density in xz-plane is also known as the
transverse component. It has been shown by Woodside et al. [49] and Garcia et al. [44]
that the transverse component is two order less compared to the primary radiation
force FPy in the wave direction due to uniform energy density. Therefore, when the




Figure 6.3: Schematic of agglomeration of beads at pressure node in observation
plane xy. (a) just after ultrasound is switched on, (b) beads gather at the pressure
node, (c) final position at pressure node.
A schematic of bead agglomeration in observation plane xy is shown in Figure 6.3
where the red arrows denote the resultant primary radiation forces acting towards the
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pressure node when the beads are far away from the pressure node. When the beads
approach the pressure node or are near the nodal plane, the resultant forces point to
the zero pressure amplitude position (Figure 6.3c) as the radiation force in the wave
direction becomes very small. So when the beads are away from pressure node, the
primary radiation force is mainly due to the component in the wave direction.
In summary, the primary radiation force can be decomposed into three components
in the xy plane as shown in Equation (6.1)
FP = FPy + F˜x + F˜y (6.1)
During agglomeration, the beads are in close proximity with each other where interac-
tion forces also become dominant on individual beads. The interaction forces between
any two particles are hydrodynamic interaction and interparticle radiation force or
the secondary radiation force Fs due to the scattered wave from the particles.
6.3.1 Hydrodynamic Interaction between Two Translating Spheres
A sphere of radius a, translating with velocity U in an infinite quiescent fluid domain
of dynamic viscosity µ, an external force Fc is needed to sustain that motion.
U = Fc6piµa (6.2)
A translating sphere in quiescent fluid domain also generates flow in the surrounding
fluid which is represented as the Stokeslet and the dipole potential field with poles
at the centre of the translating sphere [72] (Figure 6.4). Therefore, by knowing the
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concentrated force acting on the sphere at x0, one can calculate the induced flow at a







































Figure 6.4: Schematics of induced flow through Stokeslet and dipole potential field
due to a concentrated force acting on a translating sphere in fluid domain.
Given a situation where two spheres of radius a, at two different locations 1, and 2,
are subjected to external forces F1, and F2, respectively in the infinite quiescent fluid









where C is the coefficient for the velocity due to a translating sphere calculated using
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Equation (6.3). Similarly, the velocities U21 and U22 at location 1, and 2 due to force









Using principle of superposition, the absolute velocities of the spheres at 1, and 2 due
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By knowing the experimental trajectories of the two spheres, one can find the external
forces acting on the individual spheres using Equations (6.7) and (6.8).
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6.3.2 Interparticle Radiation Force
Figure 6.5 shows the schematic of the scattered field Φs from the source sphere. So
the total field at target sphere becomes
Φ = Φin + Φs (6.9)
The target sphere which is at a distance r from the source sphere experiences both
primary radiation force due to the incident field Φin and secondary or interparticle
radiation force Fs due to scattered field Φs from the source sphere. The Fs at target
θ
Figure 6.5: Schematic of the scattered field from a suspended sphere in the fluid.
sphere due to source sphere has two components: (a) radial component Fsr acting
along the line connecting the centres of the spheres, and (b) tangential component Fsθ
perpendicular to rˆ . The sign of the radial component of interparticle radiation force
changes as θ changes from 0 to pi/2 [34]. At θ = 0 the interparticle radiation force is
repulsive; whereas at θ = pi/2, it is attractive.
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6.4 Two Spheres Model
In this study, two beads of equal size were trapped within a small region (400µm×
400µm) and multiple observations were taken. The observations were limited to the
cases, where the beads were aligned perpendicular or nearly perpendicular (80◦ <
| θ |≤ 90◦, Figure 6.6) to the incident wave as they approach pressure node. The beads
are close to the pressure nodal plane (h < 30µm, Figure 6.6), and not in contact. The
balance of all the forces acting on the spheres is considered in a quasi-static state
because the mass of the spheres are very small due to their small size. So, the inertia































































Figure 6.6: Schematic of the two spheres models showing radiation forces and drag
on individual spheres.
To calculate the interparticle radiation force, three models were developed. Figure
6.6 shows three different models, namely Model 1,2, and 3, used to calculate the
interparticle radiation force from the experimental trajectories of the beads. In all
three models, the two beads are assumed to be translating in an infinite quiescent fluid
domain and the drag force FD is calculated from the experimental trajectory using
Equation (6.7), and (6.8). The primary radiation force FPy is calculated from energy
density Eac. The energy density Eac for each observation is calculated by fitting the
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experimental y trajectories of the beads using the least squares method and Eac as
the fitting parameter as shown in Section 4.1.2 of Chapter 4. With the information
of Eac and distance from the pressure node, F
P
y for each bead at every observation
point can be calculated using Equation (4.1). As the beads are very close to each
other the radiation forces F˜x and F˜y due to the non-uniformity in the energy density
is considered to be the same for both the beads in that small region.
Variables in the equations of motion:
FPy : the nominal primary radiation force in the wave direction along y-axis due to the
uniform energy density
F˜y : perturbation in primary radiation force along y-axis due to the non-uniform
energy density
F˜x : perturbation in primary radiation force along x-axis due to the non-uniform
energy density
FDxy : total drag due to the fluid medium in xy-plane (hydrodynamics included)
Fsr : radial component of the interparticle radiation force
Fsθ : tangential component of the interparticle radiation force
6.4.1 Model 1
In Model 1, the beads are assumed to be perpendicular (80◦ <| θ |≤ 90◦) to the wave
direction and the interparticle radiation force is only along the x-axis. The tangential
component of the interparticle radiation force, Fsθ is neglected in this model, as it has
been shown by Sepehrirahnama [34] that the tangential component Fsθ of interparticle
radiation force is very small compared to radial component Fsr when the beads are at
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pressure node and aligned perpendicular to the incident wave.
Model 1: F˜x + Fsr − FDx,1 = 0 (6.10a)
F˜x − Fsr − FDx,2 = 0 (6.10b)
−FPy,1 − F˜y + FDy,1 = 0 (6.10c)
−FPy,2 − F˜y + FDy,2 = 0 (6.10d)
So, the unknowns for this model are Fsr, F˜x, and F˜y. The radiation forces along x and
y are uncoupled. Fsr at every observation point is given by Fsr = 12(F
D
x,1−FDx,2) which is
obtained by subtracting Equation (6.10a) and Equation (6.10b).
6.4.2 Model 2
Model 2: F˜x + Fsr sinθ + Fsθ cosθ − FDx,1 = 0 (6.11a)
F˜x − Fsr sinθ − Fsθ cosθ − FDx,2 = 0 (6.11b)
−FPy,1 − F˜y − Fsr cosθ + Fsθ sinθ + FDy,1 = 0 (6.11c)
−FPy,2 − F˜y + Fsr cosθ − Fsθ sinθ + FDy,2 = 0 (6.11d)
In Model 2, the actual angle between bead alignment with respect to incident wave is
considered. The unknowns for this model are Fsr, Fsθ, F˜x and F˜y which are calculated
by solving the four equations of motion simultaneously.
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6.4.3 Model 3
Model 3: F˜x + Fsr sinθ + Fsθ cosθ − FDx,1 = 0 (6.12a)
F˜x − Fsr sinθ − Fsθ cosθ − FDx,2 = 0 (6.12b)
−FPy,1 − Fsr cosθ + Fsθ sinθ + FDy,1 = 0 (6.12c)
−FPy,2 + Fsr cosθ − Fsθ sinθ + FDy,2 = 0 (6.12d)
Model 3 is similar to Model 2, but the only difference is that F˜y is assumed to be zero
in Model 3 as the beads are very close to pressure node. The total primary radiation
force along y axis for Model 3 is FPy . The three unknowns Fsr, Fsθ, and F˜x are solved
for four equations of motion using the least squares method.
Table 6.2: Comparison between Model 1, 2 and 3.
Model 1 Model 2 Model 3
F˜y unknown unknown assumed to be zero
Fsθ considered zero [34,43] unknown unknown
Unknowns Fsr and F˜x Fsr, Fsθ, F˜x and F˜y Fsr, Fsθ, and F˜x
to be solved
forces in x and y axes
are uncoupled; solved
for two equations of
motion in x-axis





motion are solved by
the least squares
method
Interparticle radiation force can be calculated by solving the system of equations
Equation (6.10), (6.11) or (6.12). Therefore, it is important to note that the equations
of motion are valid while the beads are not in contact and the interparticle radiation
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force can be calculated. Once the beads are in contact, the equations are not applicable
and there are other contact forces.
6.5 Results
In this section, the results between two equal sized beads of 9.9µm diameter are
presented. At first, the trajectory of individual bead is explained as the evidence of
interparticle radiation force. The interparticle radiation force for different experimental
observations are calculated using Model 1, 2 and 3 and then plotted with respect
to the normalized centre to centre distance (r/a). The results of three models are
compared and their consistency with respect to the theoretical result is studied. The
experimental observations were taken in such a way that the beads were either separate
or just in contact when they reached the pressure node. The x and y trajectories
of each bead were obtained by fitting the experimental observations with quadratic
curves using least squares method. Eight to ten frames of the observations before the
beads reached pressure nodal plane were used for the trajectory calculations. In this
way, for each observation we have the trend for the interparticle radiation force with
respect to the centre to centre distance for at least eight data points.
Figure 6.7 and 6.9 show the aggregation of pairs of polystyrene beads at pres-
sure node for 2nd observation of Pair 5 (Pair5_Obs2) and 4th observation of Pair 4
(Pair4_Obs4), respectively. In Figure 6.8 and 6.10, the trajectories of the beads for
aforementioned observations have been shown. Experimentally measured centre to
centre distance r for the cases are plotted against time in subplot (b). The concave
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Figure 6.7: The pictures show the agglomeration of two 9.9µm particles at the





















































Figure 6.8: Trajectories of 2 polystyrene beads (2nd observation of Pair 5) are shown
here; (a) shows the complete trajectory in xy plane till agglomeration. (b), (c) and (d)
show centre to centre distance, x and y trajectories, respectively with respect to time
during the analysis period.
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Figure 6.9: The pictures show the agglomeration of two 9.9µm particles at the
pressure node (4th observation of Pair 4).





















































Figure 6.10: Trajectories of 2 polystyrene beads (4th observation of Pair 4) are shown
here; (a) shows the complete trajectory in xy plane till agglomeration. (b), (c) and (d)
show centre to centre distance, x and y trajectories, respectively with respect to time
during the analysis period.
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downward nature of the r-t graph is evidence of the attractive nature of interparticle
radiation force which increases with decreasing r. The subplots (c) and (d) of Figure
6.8, 6.10 show the x and y trajectories of the beads, respectively. The triangular
marker represents the experimental measurements for analysed frames and the solid
line is the best-fit quadratic curve using the least squares method. It can be seen
that due to the attractive nature of Fsr, the slope of x trajectory for bead 2 (red) is
decreasing while for bead 1 (blue) the slope is increasing. In close range when the
interaction is strong bead 1 moves faster than bead 2 in x direction, and this is evident







































Figure 6.11: Interparticle radiation force along radial direction between two 9.9µm
diameter polystyrene beads using Model 1.










































































Figure 6.12: Interparticle radiation force between two 9.9µm diameter polystyrene
beads using Model 2; (a) along radial direction (b) along tangential direction.










































































Figure 6.13: Interparticle radiation force between two 9.9µm diameter polystyrene
beads using Model 3; (a) along radial direction (b) along tangential direction.
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Figures 6.11, 6.12, and 6.13 show the interparticle radiation force calculated using
Model 1, 2, and 3, respectively. The results are plotted for five different pairs of 9.9µm
diameter polystyrene beads. Radial component Fsr obtained for three different models
are compared with theoretical interparticle radiation force by Silva et al. [43] and
Sepehrirahnama et al. [34]. The theoretical interparticle radiation force was calculated
for Eac = 11J/m3 at pressure node in xz plane (θ = pi/2). The results obtained by
similar approach as Sepehrirahnama et al. [34] is shown as black square marker and
the results obtained by Silva and Bruus’ analytical expression [43] is shown as black
triangular marker.








Equation (6.13) is the analytical expression given by Silva and Bruus to calculate the
interparticle radiation force between two compressible spheres for θ = pi/2 [43]. f1 is
known as the dipole scattering factor and is a function of relative density between the
particle and the host fluid. f1 for polystyrene bead in water is 0.0323.
As it can be seen, the radial interaction force decreases with centre to centre
distance r for all the observations calculated using Model 1. In general, the radial
interaction force obtained using Model 2 and 3 decreases with centre to centre distance.
Moreover, the magnitude of tangential component of acoustic interaction force Fsθ
obtained from Model 2 and 3 is very high and comparable with Fsr. It has been shown
by Sepehrirahnama et al. [34] that Fsθ is negligible compared to Fsr when θ approaches
pi/2 near pressure node. Reference [34, 43] show that at θ = pi/2 and at pressure node,
the interparticle radiation force is along radial direction. This shows that Model 1
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is more reliable. Therefore, the results obtained from Model 1 is referred and the
interparticle radiation force is only along the radial direction.
















Figure 6.14: Comparison of the interparticle radiation force with and without
hydrodynamic interaction for four different pairs of beads.
To investigate the effect of hydrodynamic interaction on interparticle radiation
force calculation, only Model 1 was used. The calculated interparticle radiation force
without considering hydrodynamic interaction is denoted as Fs*r while Fsr represents the
calculated interparticle radiation force in the presence of hydrodynamic interaction. Fs*r
was calculated by replacing FD with Stokes drag in the system of equations Equation
(6.10) (Model 1). Fs*r is normalized with respect to Fsr, calculated using Model 1 with
hydrodynamic interaction. In Figure 6.14, Fs*r /Fsr is plotted against the normalized
centre to centre distance (r/a) for four different pairs of beads. It can be observed
that Fs*r /Fsr is always less than 1. Hence, the calculated interparticle radiation force
considering hydrodynamic interaction is higher compared to the case where only Stokes
drag on individual bead is present. It is also noted that the hydrodynamic interaction
increases in close range and cannot be neglected from the drag on beads due to the




It is noted that there is a substantial gap between the theoretical and experimental
results in Figure 6.11. The experimentally calculated acoustic interparticle radiation
force is always higher compared to the results obtained by the analytical expression
and numerical scheme. One of the reasons for the difference in the magnitude (Figure
6.11) of the force obtained experimentally and Ref[43] is the order of truncation in
the expression given by Silva and Bruus [43] which takes upto the dipole terms in the
multipole series expansions. It has been shown by Sepehrirahnama et al. [34, 42] that
when the spheres are in close range in an ideal fluid, it is necessary to include higher
multipoles. Including the higher order terms in multipole expansion gives interaction
force which is two times greater than Silva and Bruus’ dipole formulation [42]. However,
the experimental results are higher compared to the forces obtained using the numerical
scheme same as Sepehrirahnama et al. [34].
Silva and Bruus’ formulation [43] and the numerical scheme proposed by Sepehri-
rahnama et al. [34] are based on ideal fluid or inviscid theory. In reality, due to
viscous streaming the acoustic interaction force is expected to be larger [42]. The
analytical and numerical solutions are plotted for Eac = 11J/m3 which is obtained
from the trajectory of single bead experiment. However, the calculated energy density
is underestimated and always lower compared to the actual value. This is due to the
wall effect in a shallow channel which creates extra resistance in the particle motion
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compared to the Stokes drag when the particle moves in an infinite fluid domain [73].
So, the total drag is sum of the Stokes drag and the extra resistance due to the fluid
between the wall and the particle as given in Equation (6.14).
FD = FSD + Ff (6.14)
where FSD is the Stokes drag and Ff is the extra drag due to the boundary layer of




In this thesis, experimental techniques are proposed to investigate the cell membrane
stiffness and the interparticle radiation force. First of all, a fast and efficient method
is proposed to study the resonance behaviour of the microfluidic channel by mapping
the energy density at different sections of the channel. The knowledge of the energy
density distribution is important for the investigation of interparticle radiation force.
The alternative method to calculate energy density for specific trajectory is verified
against the least squares method. It has been shown that the energy density in a
microfluidic channel at resonance is not uniform in practical applications.
A numerical scheme was proposed to investigate the experimental results of biolog-
ical cell deformation in acoustophoresis. The method was successfully implemented to
estimate the Young’s modulus of algae cell membrane. It is shown that acoustophoresis
can be used for cell mechanics investigation. Acoustophoresis is capable of trapping and
deforming multiple cells simultaneously and its non-contact type nature makes it more
suitable than techniques like micropipette aspiration and acoustic force microscopy.
For interparticle radiation force investigation, a model was developed based on
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the equations of motion of the two particles. The model is limited to the specific
configuration of particles where the line connecting the centres is perpendicular to wave
direction and the motion of the particles near the pressure node under acoustic radiation
force. An analytical method was proposed to include hydrodynamic interaction in the
equations of motion of the particles. The results are comparable with the theoretical
approach. It is shown that the magnitude of interparticle radiation force decreases
with increasing centre-centre distance between the particles.
7.2 Recommendations for Future Work
The thesis focuses on the investigation of microfluidic channel, cell mechanics and
interparticle radiation force in acoustophoresis. The future work is based on the further
development of the method to accurately calculate the energy density and interparticle
radiation force. In addition to that, the cell model will be further developed to simulate
large deformation.
The energy density is calculated by assuming the quasi-static condition where
the radiation force is balanced by the Stokes drag. Stokes drag is for infinite fluid
domain. In experiments, the beads move between the walls of the channel. So by
including the wall effect, the energy density can be accurately calculated. Also,
the mean energy density is calculated for the single particle trajectory where the
hydrodynamic interaction of the surrounding particles is neglected. By incorporating
the hydrodynamic interaction in the least squares method, the accuracy of energy
density calculation can be further improved.
Chapter 7. Conclusion 72
In this thesis, the experiment was conducted for only one size of particle to investi-
gate interparticle radiation force. Further experiments will be conducted for larger
and smaller particle sizes, to study the effect of the particle size on the interparticle
radiation force. It is noted that the calculation of the interparticle radiation force is
highly influenced by the hydrodynamic interaction. The hydrodynamic interaction is
based on the Stokeslet and dipole field potential due to the translating sphere in an
infinite fluid domain. In acoustophoresis, the fluid domain is confined between the
walls of the channel. In close-range, the dipole field potential is also not accurate.
The models can be further developed to include the hydrodynamic interaction in
close-range in the presence of walls.
The methodology for finding the cell membrane stiffness is based on the linear
theory of thin shell. So the model accounts for the small deformation of the cell. It is
noted that the large deformation of the cell will require non-linear governing equations
to be solved. As shooting procedure is unstable for non-linear governing equations,
other numerical method to solve the non-linear governing equations will be explored.
Also, solving the singularity at the pole is a challenge.
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